Abstract & Key message Comparisons between compression and opposite wood formation in prostrating Pinus mugo indicate that the secondary meristem can produce more tracheids with thicker walls by also increasing the number of contemporaneously differentiating cells, rather than only increasing the duration or the rate of cell formation. & Context Although cambium tissues within a stem experience the same climatic conditions, the resulting wood structure and properties can strongly differ. Assessing how meristem differently regulates wood formation to achieve different anatomical properties can help understanding the mechanisms of response and their plasticity. & Aims We monitored the formation of compression (CW) and opposite (OW) wood within the same stems to understand whether achieved differences in wood structure are caused by modifications in the process of cell formation. & Methods We collected weekly microcores of compression and opposite wood from the curved stem of ten treeline prostrating mountain pines (Pinus mugo Turra ssp. mugo) at the Majella massif in Central Italy. & Results Results indicate that cambium formed approximately 1.5 times more cells in CW than OW, despite that CW cell differentiation only extended 2 weeks longer and the residence time of CW cells in the wall-thickening phase was only 20% longer. Differences in their formation were thus mainly related to both the rates and the width of the enlarging and wall-thickening zones (i.e., the number of cells simultaneously under differentiation) and less to duration of cell formation. & Conclusion We conclude that to achieve such a different wood structures, the efficiency of the secondary meristem, in addition of altered rate of cell division and differentiation, can also modify the width of the developing zones. Thus, deciphering what rules this width is important to link environmental conditions with productivity.
Introduction
Trees and shrubs growing in forests characterized by temperate climates form one growth ring every year. In such environments, temperature and water availability are often the most important factors controlling tree growth (e.g., Körner 2006) , and cambium is usually active from spring to fall ). This period, in which wood formation occurs, is also the time window when xylem differentiates. Environmental conditions prior to or during this time window directly affect the number and properties of the cells formed (Castagneri et al. 2017; Frankenstein et al. 2005; Fonti et al. 2010 ) and thus the functioning of the xylem. Inversely, several tree-ring characteristics can be used as proxy to reconstruct past environmental conditions (e.g., Solomon et al. 2007 ). Due to this crucial role in linking environment to tree functioning and performance, studying the patterns of xylem differentiation and the dynamics of tree growth in the past has become a major ecophysiological challenge to predict global warming scenario (e.g., Cailleret et al. 2017; Rossi et al. 2016 ).
Wood formation, although potentially influenced during every phase of development, usually responds to the environment mainly by modifying the timing and rates of cell formation (e.g., Cuny et al. 2012 Cuny et al. , 2014 . These modifications induced by changing environmental conditions allow matching wood production with resources availability. In Mediterranean mountains, this timeframe of optimum environmental conditions is particularly constrained by both low temperature in winter and drought in summer. Therefore, xylogenesis studies, i.e., continuous cytological observations of forming tree rings (e.g., Gričar and Čufar 2008; Rossi et al. 2008b) , performed in erratic Mediterranean climatic conditions, can be of particular help to better understand how the environment constrains growth processes and eventually impacts the wood structure (Fonti and Jansen 2012) .
There are cases, however, where wood cells from the same meristem can have different characteristics despite being formed under the same environmental conditions. For example, mechanical stress, such as snow pressure acting on a tree stem (Groover 2016) , may generate differing growth responses within the same tree. These differing responses are aimed at producing wooden tissues characterized by different properties such as the reaction wood, which is produced for reequilibrating the static balance of the tree by locally modifying its xylem structure (e.g., Heinrich and Gärtner 2008) . In most gymnosperms, this tissue is called compression wood (CW), since it is formed on the lower side of branches and leaning stems and exerts a high compressive growth stress on the xylem surface in the compression wood region (Yamamoto et al. 1991; Yamashita et al. 2007 ). Compression wood is typically characterized by larger annual rings with higher density mainly associated to changes in the number of the wooden cells and their anatomical-chemical characteristics. Indeed, the tracheids forming the reaction wood are usually shorter, display a more rounded cross-section with intracellular spaces (Timell 1986a, b) , and have higher amounts of lignin and galactan and less cellulose and galactoglucomannan in their cell wall (Donaldson 2001; Nanayakkara et al. 2005 Nanayakkara et al. , 2009 Timell 1986b) . Moreover, the cell wall, in comparison with the normal wood, is thicker and characterized by the absence of the S3 cell wall layer, has a thickened lignification of the S2 layer (Côté et al. 1968; Donaldson 2001; Donaldson et al. 1999; Singh and Donaldson 1999) , and displays helical cavities and higher microfibril angle (Donaldson et al. 2004) .
Since CW displays excellent physical, structural, and mechanical characteristics (Gardiner and Macdonald 2005) , this wood is very important for the 3-to 5-m-tall and multistemmed dwarf mountain pine (Pinus mugo Turra spp. mugo) growing at the treeline ecotone of the Majella massif (Majella National Park, Italy), where it is regularly prostrate and forms the «krummholz mat» [sensu Lehner and Lütz 2003] . Indeed, this species can survive such a harsh environment also because it has very flexible stems able to re-establish their vertical position every spring after snow melting. Trees regain their vertical orientation thanks to the formation of compression wood induced by the generation of compressive growth stress on the compression side of the lying stems. Despite that the growing conditions ruling the development of wood tissues within the same individual are usually the same, there are clear evidences that the process of wood formation can locally substantially differ to obtain the required structural characteristics. For example, the tapering of conduits observed along the tree stem, which is an important wood anatomical feature to reduce hydraulic resistance in woody plants (Anfodillo et al. 2012) , has been linked to differences in duration of cell expansion.
In this study, we monitored wood formation to assess how the meristem, when operating within the same tree and under the same environmental conditions with the only exception of being on the compression side of a lying stem, can differently regulate its development to achieve very different structural properties. We expected to gain deeper insights into the processes that determine the structural characteristics of the wood and that can be relevant to better understand the mechanisms of cambial responses and their range of plasticity. Therefore, we compared the characteristics of wood formation focusing on the CW and OW tissues within the stem of mountain pine trees undergoing repeated mechanical stress, as the ones at the Majella massif in Central Italy.
Materials and methods

Study site
The research area is situated at the southern limit of the mountain pine krummholz distribution. The study site (42°8′ 50″ N, 14°6′ 18″E- Fig. 1 ) consists in a plot of about 1.5 ha, which is located at 1900 m a.s.l. at the subalpine-alpine ecotone of the State Natural Reserve Valle dell'Orfento, within the Majella National Park. In this area, the dense and close mountain pine vegetation borders with the adjacent beech forest at its altitudinal limit (timberline). The climate is Mediterranean, but the site being at high elevation experiences more continental conditions than at lower elevation. The approximately 6-km close meteorological station of Sant'Eufemia a Majella (888 m a.s.l.) recorded a mean annual temperature of 10.7°C and annual total precipitation of 1430 mm, mainly concentrated in autumn and winter (data for the period 1932-2009).
Microcore sampling and processing
Sampling was performed from 6 May to 6 October 2011. Specifically, every week, ten new mountain pine stems with clear Bkrummholz^characteristics, i.e., a pronounced curvature at the stem basis, were selected for the extraction of two microcores (1.8 mm in diameter, 15 mm in length) containing the bark, cambium, and the last formed tree-rings using a Trephor (Rossi et al. 2006a) . Weekly tree selection occurred by selecting the first ten individuals displaying a large stems with obvious stem curvature within a~10-m 2 sector randomly positioned within the pine forest. Microcores were collected from both the compression wood (CW, the stem side oriented downhill) and the opposite wood (OW, the uphill side of the stem) close to the tree stem base, where the curvature usually is the most pronounced. We selected ten new individuals every week because of the generally small stem diameter (5-10 cm), to exclude the risk of taking samples affected by wound effects caused by previous samplings. We sampled 210 trees collecting a total of 420 microcores (two microcores per tree) over the whole growing season. Immediately after the sampling, the microcores were deposited in Eppendorf vials with 75% ethanol and 25% acetic acid for 24 h and then stored in 70% alcohol solution to preserve the forming cells from degradation. Successively, microsections were prepared for cellular analysis following the procedure for wood microsections described in Schweingruber (2006) . The procedure consisted in cutting 10-12-μm-thick transversal microsections with a sliding microtome and to stain them with safranin and astrablue, before fixation in Canada balsam.
Identifying compression wood
For CW microsections, the severity of compression of all the growing rings included in the microcores was additionally assessed according to the classification of Yumoto et al. (1983) (see Fig. 2 ) to verify the presence and intensity of compression in those that were taken as CW sampling. Observations of severity were performed on the microsections with a light microscope with a 400× magnification. The number of cells of the ring formed in the year 2010, 1 year before our sampling, was also counted in order to better evaluate the differences in number of cells between CW and OW.
Quantifying xylem formation
Ring formation was assessed by cellular observations with an Olympus BX 40 light microscope at a 400× magnification. Cellular observations consisted in counting the number of forming tracheids in the cambial, enlarging (E), wall thickening (W), and maturing (M) zones along three radial files on each microsection (Rossi et al. 2006b ). The assignment of each cell to the different developmental stages was performed based on visual criteria. Cells of the cambial zone are typically flattened, flexible with only very thin, and not lignified primary wall. An increase in the number of cells in the cambial zone was used as an indicator for the start of cambial activity. Enlarging cells (E) are characterized by thin primary cell walls, with irregular radial diameter, roughly at least twice those of the dividing cambial cells. Wall-thickening (WT) cells were distinguished from enlarging cells by polarized light, because of the birefringence of the secondary cell wall. The end of wall thickening corresponds to the complete lignification of xylem cells; fully mature tracheids (M) were recognized by redstained (by safranin) cell walls and empty lumina. The first appearance of cells in the enlargement phase was used to determine the onset of radial stem growth. When all tracheids of the developing ring reached maturity, radial stem growth was considered finished. In order to achieve higher robustness of the results by reducing variability in growth rates, at each sampling date, we excluded the two trees displaying the highest and lowest number of cells in the 2010 annual ring. Data fitting and all the relative statistical analyses were performed for each wood type using DOYbased average data. Means were obtained by first averaging cell counts of three radial cell files on each microsection, and subsequently by averaging the counting for the eight selected trees. The average weekly count of cells in each differentiation phase was then expressed as a function of the DOY according to the principles described in Rathgeber (2012) . Yumoto et al. (1983) and revised from Timell (1986a, b) . A = very faint round cells; B = slightly round cells and slightly thicker cell walls; C = fairly round cells with thicker cell walls; D = round cells with some intercellular spaces and relatively thick cell walls; I = round but not fully circular cell with intercellular space and thick cell walls; S = nearly circular cells with intercellular space and very thick cell walls
Assessing timing and duration
The R (R Development Core Team 2007) package mgcv (Wood 2017) and scam (Pya and Wood 2015) were used for fitting generalized and shape-constrained additive model (gam and scam) to the number of cells in the different phenological phases to assess the timing and duration of cell formation, similarly to Cuny et al. (2013) . First, fitting of the average number of cells in each phase (number of enlarging, wall thickening) along the DOY was done using gam function (with family quasi Poisson and with the parameters gamma = 1.4 and min.sp. = 0.001 and 0.025 for enlarging and wall thickening, respectively), while the fitting for the total number of cells (enlarging + wall thickening + mature cells) was achieved using the monotonic scam (k = − 1, bs = Bmpi^, m = 2, gamma = 1.4, family = gaussian). Prior to fitting, the number of mature cells was kept stable after the last enlarging cells (DOY endE ) at a value corresponding to the median of observed mature cell after DOY endE . Second, a plot showing the Bdynamic of wood formation^was created by plotting three fitted curves, specifically: , and n M (t) are the number of cells in the enlargement, thickening, and mature zones at time t.
The calculation of the cell timing was then derived from the plotted curves as the difference between the curves along the horizontal axis. For each type of wood (CW and OW), we took the average cell number predicted by the fitted gam and scam to calculate the timing (date of onset and cessation) and duration of residence that each tracheid spent in both the enlarging and wall-thickening phase (Cuny et al. 2013 ).
Results
Number and characteristics of cell produced
The number of tracheids produced during the growing season 2010 (the year prior the monitoring study) strongly differed among the 210 mountain pine stems. The number of cells counted ranged from 14 to 200 in CW and from 4 to 133 in OW. In 74% of the analyzed growing rings, we observed a higher number of tracheids in CW than in OW, where 37% and 17% of them exceeded, respectively, 1.5 and 2.0 times the number of tracheids in OW (Fig. 3) . According to the classification of the compression wood severity index (Fig. 2) , 79 stems (38%) were characterized by marked presence of compression wood with thick secondary wall (grade D, I, and S), and 80% of which had a number of cells higher than the mean value (n = 64). During the 2011 growing season, the proportion of stem with marked presence of compression wood increased substantially: out of the 140 stems with mature tracheids (i.e., collected after DOY 152), 67% were classified in the severity classes between D, I, and S, while the others were assigned to less severe classes, B to C. In contrast, we never detected presence of compression wood in the OW samples.
Timing of cambial phenology
The observations completed on the collected microcores (Fig. 4) indicated that cambial division occurred between the beginning of May and the beginning of October. At the first two sampling dates, on 6 May and 12 May (DOY 126 and 132), the cambial zone exhibited an increased number of dividing cells (9 to 12 cells instead of the 4 to 7 usually observed in the dormant season, i.e., at the end of our sampling campaign) indicating that cambial division already started, irrespective of the type of wood (Fig. 4a ) and remained active, until the end of June, with a continuing decreasing number of dividing cells in CW after DOY 200 (July 19th).
The first enlarging cells were observed for both types of wood on DOY 140 (May 20th), with a mean number of 3.57 ± 1.04 cells in OW and 4.50 ± 1.71 cells in CW (Fig. 4b) . The production of enlarging cells reached a maximum around the middle of June, when both types of wood showed about the same amount of enlarging cells (6.9 ± 1.6 in OW and 7.1 ± 1.6 in CW, Fig. 5) . A second maximum in the number of enlarging cells appeared after DOY 203 (July 23rd). The enlarging phase ended around the beginning of September, about 10 days earlier in OW than in CW (on DOY 241 and 251, respectively).
Similarly as in the enlarging cells, both in OW and CW earlywood tracheids, the thickening of walls started at the same time on 1 June (DOY 152), whereas they ended at different times (Fig. 4c) . The last differentiation cells of CW were observed on 6 October (DOY 279), 2 weeks later than for OW (September 22nd, DOY 265, Figs. 4d and 6a) . Here, strong differences were also observed regarding the number of cells (Fig. 5) . The number of observed wall-thickening tracheids at the first observation was already about 3 times higher in CW (4.1 ± 1.97) than in OW (1.43 ± 1.07) (Fig. 4c) . The difference increased to 10-15 cells and kept constant until DOY 251, before decreasing. As a result of the process of wood formation, the 2011 growing period was 15 days longer in CW (about 140 days) than in OW (about 125 days, Fig. 6a ). First, mature cells appeared at DOY 168 (Fig. 4d) . The increased number of dividing cambial cells on CW appeared to occur in two periods and slight slowed around DOY 180-200, likely between the earlywood and latewood cell formation (Fig. 5a ). After DOY 258 (September 15th), no new cells were built and the difference in number of mature cells between CW and OW stabilized at around 20-25 cells (Fig. 5d) . This indicates that the meristem generating CW produced on average about 1.5 more cells than OW.
Duration of tracheid formation
The observation in timing and duration each tracheid spent into the enlarging and wall-thickening phases (Fig. 6a) confirms that the differences between the formation of OW and CW were mainly related to the tracheid residence time in the wallthickening phase. On average, the CW cells spent 3 days less in the enlarging phase than the OW cells (6 and 9 days, respectively), though resided 4 days longer in the phase of wall thickening (23 and 19 days, respectively) (see also Table 1 for more detailed description for early and late formed cells). These differences varied along the season, with generally more time spent in the enlarging phase for the earlywood cells and more time in the wall-thickening phase for the latewood cells, with inverted differences around DOY 170 and 200 for the enlarging and wallthickening phase, respectively (Fig. 6b) .
Discussion
Studies on the dynamics of wood formation are usually performed to better understand how the environment affects wood structure, and thus, many studies focused on comparison between species (Rossi et al. 2008a) or along elevation (Moser et al. 2010; Prislan et al. 2011) , or were conducted in experimental settings by controlling temperature (Fonti et al. 2013; Gričar et al. 2006 Gričar et al. , 2007 or moisture (Eilmann et al. 2009; Galle et al. 2010) . These studies helped to quantify the plasticity of wood formation (Deslauriers et al. 2017 ) and showed how environmental conditions impact physiological processes (i.e., the initiation, termination, rate, and extent of growth, Lempereur et al. 2015) and the resulting anatomical structure . Such studies also confirmed that temperature usually induces the onset of growing season and thus directly influences the amount of wood annually produced (Cocozza et al. 2016; Rossi et al. 2010) . In contrast, in this study, we compared the formation of two very different types of wood (i.e., compression and the opposite wood), occurring within the same annual growth ring and produced under the same climatic conditions, to assess variability in xylem phenology and growth dynamics of mountain pine at a Mediterranean treeline. Since higher content of compression wood in high-altitude trees indicates the response to regular disturbing events (strong wind, heavy snow), and because many wood traits are correlated with growth rates and competition levels, it is expected that insights on CW and OW xylogenesis of these mountain pines can provide a better understanding of the impact of environmental conditions on forest health and productivity.
Our study confirms that, in this environment, the growth rings of mountain pines displayed a notable eccentricity to reequilibrate stem static and regain its up-right standing position. In particular, the CW was approx. 1.5 times wider than OW, and with structural changes mainly occurring at the level of number and anatomical properties of the latewood cells. These observations also indicated that about 2/3 of the microcores collected from the CW were, indeed, characterized by a high severity index (class S, I, or D), i.e., by tracheids with thicker and denser walls. Finally, despite the wide differences in growth rate (and number of counted cells) among individual trees, due to limited stem size impeding repeated sampling on the same trees, the variability in number of cells between the groups resulted to be fairly similar and equally represented (i.e., each observation on CW was paired with an observation on OW within the same tree) allowing (noisier but) unbiased comparisons.
The results obtained showed that, despite the notable CW-induced growth eccentricity, the growing season of mountain pines at the Majella treeline displays a comparable timing and duration than other conifer species at colder ecosystems in the Northern Hemisphere (Rossi et al. 2016) . The duration of the growing season (from end of May to beginning of October) was instead about 1 month longer than at the Alpine treeline, as monitored for Larix decidua Mill. and Picea abies (L.) (Moser et al. 2010; Rossi et al. 2008b) .
Our study showed that the phases of cell enlarging and wall thickening started at the same time in the growing season for both CW and OW, despite the different number of cells under formation,. Nevertheless, the cessation in CW was 2 weeks later than in OW. This extension slightly confirms previous reports that high number of dividing cells increases the time of cell differentiation and maturation , although the extension is minimal compared to the large difference in number of produced cells. It is, however, expectable that an extended growing period of CW, due to later growth cessation, can expose trees to a premature halt of latewood CW cells due to rapid worsening in weather conditions, which may induce the formation of Bblue rings^(see Piermattei et al. 2015) , as observed in 2009 for 13% of the sampled individuals (Supplementary Material). However, considering that 2 weeks represent a relatively short time to alone explain the difference in the achieved number of cells, we suggest that these differences in the number and structure of the produced cells are not solely related to an extended duration of the growing season.
The time each cell spent in the phase of enlargement and wall thickening (Fig. 6) showed that CW cells were also not residing longer enough (i.e., only 4-5 days or 20% longer residence time in the wall-thickening zone than OW cells) to explain their increased wall thickness. In total, the average time for a cell to be formed (including enlarging and wallthickening phases) was approximately the same for both wood types (29 and 28 days for CW and OW, respectively). This implies that the enhanced wall thickening of the CW tracheids has to be related also to an increased wall deposition rate. However, considering that the number of cells to be differentiated is 1.5 higher than for the OW, the rate of wall thickening of CW's tracheids should be extremely fast to process more numerous and significantly thicker wall cells with only few additional days. We, therefore, advocate that the increased efficiency in differentiating more numerous and thicker cells of the CW meristem is also achieved by differentiating more cells at the same time, i.e., by forming a wider band of enlarging and wall-thickening cells that are processed at the same time. Indeed, CW was almost constantly having a higher number of cells in the wall-thickening zones (Fig. 5d ). These comparisons of wood formation between pairs, thus, support the findings that the two types of wood differ in their structure, especially considering the characteristics of the latewood, which is thicker and characterized by a higher density (Timell 1973) . This strategy of modifying the radial width of the forming zones, rather than radically changing rates and durations of forming tracheids, may imply a different perspective on the role of hormone concentrations in the regulation of the secondary meristem in this conifer. Indeed, the concentration of auxins along the stem seemingly controls the rate of conduit differentiation and size and the amount of lignin (Aloni and Zimmermann 1983) . The formation of CW obviously requires that the meristem is supplied by higher amount of resources to be distributed over a wider tangential band of developing cells, rather than only speeding up the processes of differentiation, especially during the resource-demanding wall-thickening phase. It can, therefore, be that elevated auxin concentrations promote the carbon supply required for CW formation (Du and Yamamoto 2007) . As such, the biosynthetic pathways providing the substrates for xylogenesis would be coordinated and regulated according to the different demands during wood development via distinct composition, accompanying to different levels of lignin deposition during xylogenesis (Villalobos et al. 2012 ).
In conclusion, this study, comparing the formation of CW and OW in mountain pine at the treeline on the Majella Massif, provided evidences that in addition to adjusting duration and rates of cell differentiation, the secondary meristem may also modify the width of the differentiating zones, including the enlarging and wall-thickening cells, to achieve very diversified wood structures, despite being produced under the same climatic and site conditions. These evidences of an additional variable involved in regulating wood formation need to be considered when studying the relation between environmental site conditions and wood structure, while deciphering its regulation can be of particular importance for linking environmental conditions to productivity. Differences between the mean of CW and OW have been tested using a t test. *P < 0.05, **P < 0.01, ***P < 0.001. Earlywood is here defined as the first half of cells in the ring, while latewood refers to the second half of cells in the ring Ns non significant
